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Evolutionary History 1

The interpretation of evolutionary rela-
tionships is one of the most important 
aspects of modern biology and also connects 
biology and paleontology in the genea-
logical interpretation of extant and extinct 
organisms, combined in a unified biolog-
ical system comparable to the family trees 
of humans. The taxonomical concept of 
Linnaeus (1735, 1758) combined organisms 
based on shared characters, as does modern 
cladistics (Hennig, 1950, 1965, 1989). 
Shared homologies or synapomorphies are 
used to understand evolutionary relation-
ships, and early on, characters were often 
used in a kind of trial-and-error method 
before a better understanding of evolu-
tionary connections was established. Clearly, 
the concentration on extant organisms can 
only produce an unfocused and biased view, 
but often this is all we have. The inclusion of 
the fossil record may provide much-needed 
additional information for evolutionary 
interpretation, and luckily some fossil mate-
rial of the Hemichordata is available to help 
demonstrate the origin and early evolution 
of this group in the deep time of the early 
Paleozoic (Maletz, 2019).

Investigation of the evolutionary history 
of the Hemichordata based on the fossil 
record highlights the dilemma faced when 
combining extant and extinct groups of 
organisms. Bateson (1885) introduced the 
Hemichordata to science and suggested that 
they were closely related to the Chordata 
due to the presence of a notochord, the 
precursor of the backbone of the vertebrates. 
The Hemichordata are now regarded as 

a sister group to the Echinodermata, and 
some of the early interpretations have been 
revised considerably (e.g., Halanych, 1995; 
Cannon & others, 2009; Philippe & others, 
2011; Maletz, 2014). The Enteropneusta is 
a group with an extremely poor fossil record. 
Only in recent years has it been possible to 
relate a few of the fossil enteropneusts to 
the four extant families (Cameron, 2016, 
2018). A stem-group taxon found in the 
Burgess Shale of British Columbia appar-
ently produced a possible housing construc-
tion (Nanglu & others, 2016) that has been 
linked to the pterobranch tubarium forma-
tion. However, the crown group Entero-
pneusta has been verified only from the late 
Paleozoic onward; and except for five taxa, 
all known species are extant.

Due to the lack of information on the 
Enteropneusta, the discussion on the evolu-
tionary history of the Hemichordata will 
here be focused on the Pterobranchia. The 
pterobranch tubaria form extremely impor-
tant fossil remains for geological research 
and render them ideal for evolutionary 
studies. However, these housing construc-
tions provide only a limited insight into the 
evolutionary history of the clade. The soft-
bodied zooids did not leave an interpretable 
fossil record, and we do not know how much 
evolutionary change has been involved in 
the organization of these animals since 
their first fossil appearance during the early 
Palaeozoic. It is unknown when and how the 
pterobranchs started to develop their typical 
clonal reproduction method and why they 
became the leading planktic organisms in the 
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early Palaeozoic but then largely disappeared 
during the late Paleozoic.

Because graptolites (fossil Pterobran-
chia) are thought to be common and widely 
distributed, it may be reasonable to assume 
that their evolutionary history is well known. 
However, only the general picture is outlined 
from the fossil record, and numerous ques-
tions still remain. The story began with the 
origin of this fascinating group of organ-
isms probably somewhere during the early 
Cambrian time interval and led to the few 
members that are still around today.

EVOLUTIONARY 
INTERPRETATIONS

The differences in the tubarium construc-
tion have been used to interpret evolutionary 
relationships of the graptolites, and early 
discussions go back to Nicholson and Marr 
(1895) and Elles (1898), who were clearly 
aware of the polyphyletic concept of many 
of the established genera at their time. They 
understood that many characters used to 
define taxa evolved independently in unre-
lated lineages, even though they did not yet 
use the term convergent evolution as did 
Lenz and Melchin (2008) when comparing 
the Silurian monograptids Cochlograptus 
Obut, 1987 and Testograptus Přibyl, 1967. 
However, Nicholson (1868) had already 
discussed the zoological position of the grap-
tolites and looked for homologous characters 
to connect the group with other organisms. 

Elles (1922, p. 174) discussed proximal 
end development types and a number of 
trends leading to her “lines of evolution in 
the Graptoloidea,” which, again provides a 
fairly simplified concept. A later version of 
this discussion appeared in Jaeger(1978). 
It was also clear to him that the evolution 
of the graptolites was based on numerous 
lineages with parallel and convergent evolu-
tion due to the constructional limitation 
of the bausteine [building blocks] of their 
tubaria. Jaeger discussed eight trends in 
the evolution of the graptolites and stated 
(Jaeger, 1978, p. 8), that “Diese Trends 
wirken gleichzeitig nebeneinander oder 

abwechselnd und nacheinander; sie sind 
miteinander korreliert oder voneinander 
unabhängig. Sie sind nicht gleichwertig. Die 
Reihenfolge ihrer Behandlung ergibt sich aus 
Zweckmässigkeitsgründen der Darstellung. 
Diese ist kein Kriterium für die Wertigkeit 
des einzelnen Trends.” [These trends act 
simultaneously and parallel to each other, 
or after one another. They are not equal. 
Herein, the succession in their discussion is 
based on practicality of the demonstration. 
It does not provide a criterion for the value 
of the individual trends.] 

Thus, patterns of parallel and conver-
gent evolution appear to be a fundamental 
feature in the evolution of the Graptolithina, 
implied by the constructional limitations of 
a tubarium formed from fusellar half rings as 
branching tubes (see Maletz, 2017a, p. 121). 
Graptolite evolution can thus be regarded as 
strongly directional (see Mitchell, 1990).

A large number of studies discuss var-
ious aspects of graptolite evolution (e.g., 
Urbanek, 1966, 1970, 1987; Rickards, 
1977; Koren’ & Sujarkova, 2004; Urbanek 
& others, 2012; and many others), often 
focusing on individual, short-lived anagen-
etic lineages, typically expressed by the 
example of the evolution of the Demirastrites 
triangulatus group (Sudbury, 1958; Štorch 
& Melchin, 2019) and rarely considering 
a larger picture (see Rickards, Hutt, & 
Berry, 1977; Mitchell, 1990; Fortey & 
Cooper, 1986; Mitchell & others, 2013; 
Crampton & others, 2016, 2018). These 
individual studies provide puzzle pieces of 
important information, and fitted together 
give us an idea on the way evolution through 
time modified the tubaria of the graptolites. 

Bulman (1958), in a classic study, revised 
the ideas of Elles (1922) and defined a 
sequence of four overlapping subfaunas (Fig. 
1). These were based on some major char-
acteristics. The anisograptid, dichograptid, 
diplograptid, and monograptid faunas 
can easily be recognized by their typical 
tubarium shapes. However, other tubarium 
developments of these faunas render differ-
entiation difficult at a closer view. Even in 
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the most recent interpretations of graptolite 
diversity and evolution (see Sadler, Cooper, 
& Melchin, 2011; Cooper & others, 2014), 
these four subfaunas are recognizable and 
have been defined in a seemingly identical 
way as high-level taxonomic units (Fig. 1). 
However, Elles (1922), Bulman (1933, 
1958) and Jaeger (1978) understood these 
groups as grades of organization that are 
progressively replaced as the various lineages 
evolve nearly parallel to each other through 
time. Modern cladistic interpretations see 
the patterns as a number of independently 
evolving clades, but the general picture 
remains the same.

Detailed information on the evolution 
of benthic graptolite faunas is not available. 
Thus, they do not appear in any diversity 
studies of graptolites. Bouček (1957, fig. 
75) and Chapman, Durman, and Rick-
ards (1996) provided some suggestions on 
the basic evolutionary relationships of the 
dendroid graptolites. Andres (1977, 1980) 
compared the fusellar construction of Ordo-

vician graptolites and extant pterobranchs 
and concluded a possible closer relationship 
of these two groups. Mitchell and others 
(2013), in a cladistic analysis, included the 
modern pterobranchs in their concept of the 
graptolites but did not analyze the various 
groups of the dendroids in detail. 

More recently, cladistic methods were 
used to interpret graptolite taxonomy and 
evolution and to attain information on origi-
nation and extinction events that may have 
shaped the evolutionary history of the group 
(e.g., Fortey & Cooper, 1986; Mitchell, 
1987; Melchin, 1998; Fortey, Zhang, 
& Mellish, 2005; Maletz, Carlucci, & 
Mitchell, 2009; Melchin & others, 2011; 
Mitchell & others, 2013; Melchin, Lenz, 
& Kozłowska, 2017). These cladistic anal-
yses support the main taxonomical concepts 
of the Graptolithina but cover only some 
of the recognized clades. A stratocladistic 
attempt to provide a better understanding of 
graptolite evolution of a number of Silurian 
monograptid taxa indicated the need for 

Fig. 1. Graptoloid diversity and the main groups of graptoloids. The anisograptid (black), dichograptid (purple), 
diplograptid (red ), and monograptid (green) faunas can easily be recognized (based on data in Sadler, Cooper, 
& Melchin, 2011; adapted from Maletz, 2017b, fig. 9). Note: Only some of the events in graptoloid history are 
marked on the diagram. Pr = Pridoli; H = Hirnantian; Sandb = Sandbian; Da. = Dapingian; Tremad = Tremadocian.
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more detailed morphological investigation 
for support (Wittingham, Radzevičius, & 
Spiridonov, 2020). 

Sadler, Cooper, and Melchin (2011) 
noted that the tempo of evolutionary change 
may have been slower during the Ordovician 
and faster during the Silurian. Clearly the 
data indicate an interconnection to climatic 
changes; and during colder periods, extinc-
tion events may have reduced the diversity of 
the graptoloids considerably by influencing 
the equatorial or warm water faunas more 
strongly. Over time, a general understanding 
of graptolite evolution has been achieved 
from the origin of the planktonic graptoloids 
near the base of the Ordovician to their 
final extinction during the early Devonian. 
However, major gaps still exist in the evolu-
tionary understanding of the benthic groups, 
as their fossil record is relatively poor and 
incomplete.

ORIGINATION, EXTINCTION, 
AND DIVERSITY

The macroevolutionary trends in this 
directional evolution of graptolites have 
been the focus of diversity studies, indi-
cating a number of extinction, origination, 
and diversification intervals during the 
Paleozoic (Fig. 1). A considerable number 
of extinction events have been established 
for the graptoloid clade (e.g., Štorch, 1995; 
Sadler, Cooper, & Melchin, 2011; Bapst & 
others, 2012; Maletz, 2017a), leading to its 
near extinction and also to distinct episodes 
of radiation after a particular extinction 
event. Various extrinsic factors have been 
connected to the evolutionary rates of the 
Ordovician and Silurian planktic graptolites, 
including climatic conditions and even Mila-
nkovitch cycles (Cooper & others, 2014; 
Crampton & others, 2016, 2018, 2020). 
Because graptolites are most commonly 
preserved in black shales, these lithological 
intervals may have led to an overinterpreta-
tion of graptolite diversity due to the better 
preservation of the specimens in anoxic envi-
ronments (Maletz, 2018, 2020a). Grapto-

lites are poorly represented in other sediment 
types and these faunas are underrepresented, 
an aspect in graptolite diversity in need of 
further investigation.

Quantitative methods have recently been 
employed to understand biostratigraphic 
distributions and interpret evolutionary 
relationships and events in the geological 
history of the graptolites. Foote and others 
(2019) discussed the completeness of the 
graptoloid record based on a mathematical 
model, and Crampton and others (2020) 
discussed the possibility of sampling bias 
for the macroevolutionary interpretation of 
graptolite evolution. Even though sampling 
is a major factor in the interpretation (see 
also Boyle & others, 2017), a connec-
tion to the sediment type and graptolite 
taphonomy has rarely been made (Maletz, 
2020a).

The Hirnantian event close to the end 
of the Ordovician (Fig. 2) was one of the 
largest and best investigated events in grap-
toloid history (Koren’, 1979, 1991; Chen 
& others, 2003, Chen, Fan, & others, 2005; 
Štorch & others, 2011). Chen, Melchin, 
and others (2005) and Finnegan and others 
(2011) describe the event as a two-step 
extinction starting with the first step near the 
Katian/Hirnantian boundary and a second 
one at the end of the Hirnantian. Also, Bapst 
and others (2012) discussed two separate 
extinction episodes during the Hirnantian, 
associated with the initiation and termination 
of a global cooling period, located at the base 
and the top of the Hirnantian interval. Bond 
and Grasby (2020) recently suggested an early 
cooling phase and a second phase of warming 
and anoxia development for the Hirnantian 
mass extinction, which supports this idea.

During the Hirnantian extinction event, 
most warm water graptolite faunas were 
severely affected, and the Diplograptina went 
extinct in the second phase, while at the same 
time, the Neograptina experienced an enor-
mous radiation, suggesting the demise of 
most warm-water faunal elements (Melchin 
& Mitchell, 1991; Štorch & others, 2011; 
Bapst & others, 2012). 
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A distinct replacement of the Diplograptina 
faunas by the Neograptina faunas can be 
demonstrated (Fig. 2). Sadler, Cooper, and 
Melchin (2011, fig. 13) showed a diversity of 
less than 20 species during the Ka4-Hirnan-
tian crisis (circa Metabolograptus persculptus 
Biozone?), but Bapst and others (2012) indi-
cated about 25 species in the Metabolograptus 
persculptus Biozone. Goldman and others 
(2011) listed 39 species of normalograp-
tids from the Metabolograptus persculptus 
Biozone alone (his zone 13, Bo5), but the 
list does not include the diplograptine faunal 
elements. 

Štorch and others (2011, fig. 3) regarded 
a number of the Hirnantian Diplograptina 
as Lazarus taxa—taxa showing an apparent 
extinction but reappearing later on. As the 
authors indicated the ranges of these taxa 
through the supposed extinction interval, 
the record would not represent a real extinc-
tion, and the diversity in the extinction 
interval may be considerably exaggerated. 
The faunal change may better be interpreted 
as a turnover and successive replacement 
that does not need to be connected to an 
intense extinction event, as in the Lundgreni 
Event (Koren’, 1987; Jaeger, 1991) in which 
the diversity of graptolites was extremely 
reduced. Still, the selectivity of the event 

suggests that certain graptolite groups were 
more vulnerable to extinction than others. 
Crampton and others (2016, p. 1498) 
suggested that “old species were selectively 
removed” during the Late Ordovician mass 
extinction, but Sheets and others (2016, 
p. 8380) recognized a “preferential decline 
in abundance of dysaerobic zone specialist 
species.” The high diversity in the Metabo-
lograptus persculptus Biozone could also be 
based on the increased international atten-
tion of the interval due to its being defined as 
a Global Stratotype Section and Point (GSSP) 
at the base of the Silurian and the supposed 
extinction interval in the Hirnantian. This 
attention led to an extreme splitting of speci-
mens into numerous local graptolite species 
(Sobolevskaya, 1974; Chen & Lin, 1978; 
Ni, 1978; Mu & Ni, 1983; Fang & others, 
1990; Legrand, 2001, 2009; Mu & others, 
1993; Chen, Fan, & others, 2005; Chen & 
others 2007, 2020), possibly masking the 
real impact of the event on graptolite diver-
sity. However, this suggestion should not 
downplay the real extinction event that can 
be recognized in the Late Ordovician and is 
not restricted to the graptolites.

The term Lazarus effect (see Flessa & 
Jablonski, 1983; Wignall & Benton, 
1999) has been used to describe the cryptic 

Fig. 2. Interpretation of the Hirnantian extinction and replacement of the Diplograptina (black) by the Neograptina 
(gray) (adapted from Bapst & others, 2012, fig. 1).

clades diverged in 
early mid-Ordovician 
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appearance of members of lineages disap-
pearing at an extinction event and reap-
pearing later on (Urbanek, 1993, 1998; 
Rickards & Wright, 2002; Štorch & 
others, 2011), which should not be confused 
with a genuine extinction. Adding these 
species to the diversity diagram (Štorch 
& others, 2011, fig. 5) would lead to a 
somewhat different interpretation: very few 
species of the Diplograptina fauna went 
extinct at the base of the Metabolograptus 
extraordinarius Biozone.

The reappearance of species of the genus 
Cyrtograptus Carruthers in Murchison, 
1867 as relic elements in the Ludlow of New 
South Wales (Rickards & others, 1995) 
could be interpreted as a Lazarus effect. 
Alternately, they may be based on parallel 
evolution of main tubarium features, thus 
needs reinvestigation. This reappearance 
may not represent a genuine record of the 
genus Cyrtograptus, but the emergence of the 
genus Formosograptus Bouček, Mihajlovic, 
& Vaselinovic, 1976, generally lacking 
cladia (see Urbanek, 1997).

The largest extinction event influencing 
graptolite evolution may have been the 
Silurian Lundgreni Event (e.g., Koren’, 
1987; Lenz & others, 2006; Crampton 
& others, 2016) or the Great Crisis of 
Jaeger (1991) during the early Homerian 
(Wenlock) (see Fig. 1). During this event, 
nearly all monograptids and retiolitids disap-
peared, and the two groups rediversified 
after a short interval in which only two 
graptoloid taxa, Pristiograptus Eisel, 1912 
and Gothograptus Frech, 1897, have been 
recognized as the sole survivors of the previ-
ously dominating Silurian neograptine and 
monograptid clades. Urbanek (1997, 1998) 
identified this bottleneck effect of near 
extinction or survival and recovery with the 
term oligophyly.

Cooper and others (2014) suggested 
different causal linkages for the graptolite 
diversity patterns in the Ordovician and 
Silurian. They postulated relatively stable 
marine environments for the Ordovician, 
but the Silurian appeared to be characterized 

by more volatile climatic changes leading 
to a number of distinct extinction events. 
Cooper and Sadler (2010) discussed the 
extinction risk of graptolite faunas and came 
to the conclusion that the facies preference 
of graptolites predicted their extinction 
risk. They suggested that species restricted 
to the deep-water classical graptolite facies 
(deep-water black shales) show a distinctly 
lower mean duration than faunal elements 
also found in shallow-water or platform 
regions. The analysis, however, does not 
include the notion that the anoxic black 
shale facies favors preservation of organic 
material and thus, superior preservation of 
graptolite tubaria.

EVOLUTIONARY TRENDS
Evolutionary studies of graptolites can 

be used to differentiate micro- and macro-
evolutionary patterns, but the differentia-
tion is not easy, as the fossil record is typi-
cally quite patchy, and micro-evolutionary 
steps may be nearly impossible to trace. 
Tracing the change of single species into 
a different, derived species may be termed 
micro-evolution. This is exemplified by the 
work of Sudbury (1958) and Štorch and 
Melchin (2019), who demonstrated anagen-
etic change in the genus Demirastrites Eisel, 
1912. They documented the stepwise genera-
tion of changes in faunal populations until 
differences became large enough to indicate a 
speciation event. Numerous further examples 
can be found in the scientific literature (see 
an overview for Silurian monograptids in 
Rickards, Hutt, & Berry, 1977).

Urbanek (1995) discussed the Wolyno-
graptus spineus lineage in some detail from 
chemically isolated material and was able to 
trace anagenetic changes in the construction 
of the thecal apertures through a number 
of species. Wolynograptus acer Tsegelnjuk, 
1976 evolved through the apertural addition 
of new characters to the intermediate Woly-
nograptus protospineus (Urbanek, 1995) and 
finally to Wolynograptus spineus (Tsegelnjuk, 
1976) (Fig. 3). The paired apertural spines 
of Wolynograptus spineus are reminiscent of 
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the much older Monograptus priodon group, 
but the species cannot be identified as a 
cryptogenic faunal element or interpreted as 
a Lazarus taxon. It was a newly evolved taxon 
with a homoplastic character indicative of 
parallel or convergent evolution. Thus, tracing 
the micro-evolutionary changes in a single 
lineage was used to understand macroevolution 
in monograptids and to determine characters 
as homoplastic and not homologous.

DIRECTIONAL EVOLUTION  
AND HOMOPLASY

Larger-scale differentiations or macro-
evolutionary patterns occurred in the evolu-
tion of groups such as the Dichograptina, 
Axonophora, or Neograptina, and eventually 
the Monograptidae, and correspond to the 
trends in graptolite evolution as suggested by 
Elles (1922). These trends have invariably 
been understood as polyphyletic and not 
strictly interpretable in a phylogenetic way.

Due to the constructional limitations 
imposed by the formation of thecal tubes 
by fusellar half rings, “many tubarium 
features evolved again and again indepen-
dently during the evolutionary history of 
the graptolites” (Maletz, 2017a, p. 121), a 

factor identified as directional evolution and 
discussed for Ordovician axonophorans by 
Mitchell (1990). Numerous characters of 
graptolite colonies cannot be used to simply 
postulate phylogenetic relationships and 
explain evolutionary lineages. These charac-
ters have to be interpreted as homoplastic, 
and morphological similarities are based on 
convergent evolution (see Lankester, 1870). 
Thus, real homologies are difficult to detect 
in graptolites, and a detailed morphological 
analysis is needed to trace them (Fig. 4).

Excellent examples of this directional 
evolution and convergence can be seen in a 
large number of groups (Mitchell, 1990). 
The decrease of the number of stipes was 
regarded as of prime importance initially, 
but Nicholson and Marr (1895, p. 531) 
had already stated, that “the number of 
stipes in the polypary is a character of 
minor importance.” Thus, translated into 
modern terms, the number of stipes is not a 
homologous character (Fig. 4.1–4.2). This 
statement may be supported by the modern 
inclusion of single-stiped tubaria into 
several unrelated clades (e.g. Azygograptus 
Nicholson & Lapworth in Nicholson, 
1875 in Sigmagraptidae; Nicholsonograptus 

Fig. 3. Phyletic evolution in the Wolynograptus spineus (Tsegelnjuk, 1976) lineage based on Urbanek (1995) 
(adapted from Maletz, 2017a, fig. 7.7). 
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Bouček & Přibyl, 1952 in Sinograptidae; 
Monograptidae as a Silurian clade). Maletz 
(2017a, fig. 7.6) illustrated the situation as 
a prime example of convergent evolution 
(Fig. 4.3–4.4). It is also supported by the 
recognition of cladia forming secondarily 
multiramous tubaria (Fig. 4.1–4.2) in 
various clades of the Graptolithina. As we 
now know, cladia evolved independently in 
the Pterograptidae (Skwarko, 1974; Maletz, 
1994), the Dicranograptidae (Maletz, 
2020b), the Nemagraptinae (Finney, 1985), 
and in a number of monograptid genera 
(Strachan, 1952; Urbanek, 1963).

The repeated origination of retiolitid-type 
developments in the graptolites may be one 
of the most stunning and easily recogniz-
able examples of convergent evolution. The 
retiolitid-type development is characterized 
by the independent extrathecal development 
of a meshwork of lists as in the Ordovician 
Lasiograptidae (Fig. 4.9) and especially in the 

Silurian Retiolitidae (Fig. 4.10), in which the 
precise development shows a very different 
origin of comparable features (Lenz & others, 
2018).

Another prime example of directional and 
convergent evolution involves the formation 
of the virgella spine (Fig. 4.5–4.8), initially 
regarded as a character used to define the 
Virgellina as a monophyletic group (Fortey 
& Cooper, 1986). At least three instances 
of independent origin and evolution of a 
virgellar spine have been identified, and 
Maletz (2010a) differentiated a dorsal and 
a ventral virgellar spine in the Graptolithina. 
The loss of bithecae in the late Tremado-
cian appeared even more complex than 
expected to Fortey and Cooper (1986). A 
polyphyletic loss of the bithecae has been 
suggested by a number of authors (Bulman, 
1960; Erdtmann, 1982; Lindholm, 1991) 
and can be supported by the presence of at 
least a sicular bitheca in the sigmagraptine 

Fig. 4. Examples of directional evolution and homoplasy. 1, Clonograptus flexilis (Hall, 1865), multiramous 
tubarium with dichotomous branching (Hall, 1865, fig. 8); 2, Abiesgraptus multiramosus Hundt, 1935, multiramous 
tubarium with cladial branching (adapted from Jaeger, 1959, fig. 25); 3, Cymatograptus validus (Törnquist, 1904), 
strongly curved taxon with single stipe (reconstructed from Beckly & Maletz, 1991, fig. 19B); 4, Coronograptus 
cyphus (Lapworth, 1876), strongly curved single stiped monograptid (reconstructed from Zalasiewicz, Williams, & 
Akhurst, 2003, fig. 2A); 5, Xiphograptus lofuensis (Lee, 1961), showing dorsal virgella (Maletz, 2010a, fig. 8C); 6, 
Phyllograptus typus Hall, 1865, dorsal virgella (Maletz, 2010a, fig. 6C); 7–8, Levisograptus sinicus, ventral virgella 
(Maletz, 2010a, fig. 5); 9, Pipiograptus sp. showing meshwork of external bars (Maletz, 2017a, fig. 11.8J); 10, 
Spinograptus spinosus (Wood, 1900), retiolitid graptolite with meshwork of ancora sleeve (Maletz, 2010b, fig. 5A). 
1, 3, 5–8: Ordovician; 2: Devonian; 4, 9–10: Silurian. Scale bars, 1 mm, with the exception of 4, which is 5 mm.



Evolutionary History 9

Paradelograptus (Maletz, Zhang, & Vanden-
Berg, 2018).

Numerous further characters may be iden-
tified as independently evolved in widely sepa-
rate clades, making cladistic interpretations 
difficult without the detailed morphological 
knowledge of the tubarium construction of 
the graptolites. The instances of homoplasy 
in the Pterobranchia discussed here can also 
be described in the terms of convergence and 
parallel evolution in various graptolite groups.

Rigby and Milsom (1996) suggested 
neoteny or paedomorphosis as the motor 
for the evolution of planktic graptolites. It 
is, however, difficult to use the concept for 
the development of the colonial astogeny 
of the graptolite colonies or in fact, for 
colonial organisms in general. Rickards 
(1977) discussed a number of cases that 
may indicate paedomorphosis, including 
the evolutionary change from Petalolithus 
Suess, 1851 to Cephalograptus Hopkinson, 
1869. In this example, Rickards (1977) 
interpreted the elongation and reduction 
of the number of thecae in the tubarium as 
a possible example of neoteny. There is no 
change in the size and development of the 
sicula in these forms. He also regarded the 
Ordovician genus Corynoides Nicholson, 
1867 as a possible paedomorphic derivative 
of the isograptids, achieved through the loss 
of the unrestricted growth of the graptolite 
colony.

In the Dichograptina, the first few thecal 
pairs are typically fairly slender as are the 
stipes. Through the astogeny, the stipes 
widen considerably distally as in Tetragraptus 
Salter, 1863 or in Didymograptellus Cooper 
& Fortey, 1982 (see Williams & Stevens, 
1988, fig. 44) but also in many other taxa. 
This can be regarded as a simple expression 
of morphological gradients in graptolite 
colonies, even though changes in thecal 
construction are minimal. Morphological 
gradients are most commonly described from 
Silurian monograptids (e.g., Bulman, 1958; 
Hutt, 1974) and are often easily visible even 
in flattened shale material. Maletz and others 
(2019) described the dramatic change of the 

thecal style in Paramonoclimacis sidjachenkoi 
Obut & Sobolevskaya in Obut, Sobolevs-
kaya, & Bondarev, 1965 from chemically 
isolated material (Fig. 5). The proximal 
thecae of this taxon bear strongly coiled 
thecae with a streptograptid nozzle (Fig. 
5.3–5.4), changing distally to dorsal hooks 
associated with two lateral lobes (Fig. 5.8) 
through a number of intermediate thecal 
stages (Fig. 5.5–5.7). Similar thecal gradients 
can be seen in genera such as Torquigraptus 
Loydell, 1993, Pernerograptus Přibyl, 1941, 
Pribylograptus Obut & Sobolevskaya, 1966, 
and to a lesser degree in Coronograptus Obut 
& Sobolevskaya in Obut, Soboleveskaya, & 
Merkureva, 1968 (Hutt, 1974; Lukasik & 
Melchin, 1997). 

Bulman (1958) and Urbanek (1960) 
discussed and illustrated thecal gradients of 
a number of examples of Silurian monograp-
tids. They explained the development of 
Cyrtograptus in which cladial branches show 
initial thecae that are quite different from 
the thecae of the main stipe at which the 
cladium is developed but can be compared 
to much more distal thecae (Fig. 6). In this 
example, a thecal gradient is combined 
with cladial branching, allowing recogni-
tion of the exact point in time of initiation 
of the growth of the cladial branch. They 
interpreted a delay in the initiation of the 
growth of cladial branches following the 
suggestion of Thorsteinsson (1955), who 
first described this delay in Cyrtograptus 
perneri Bouček, 1933 (see revision of taxon 
in Lenz & others, 2012, p. 32). However, 
Bulman (1958) and Urbanek (1960) illus-
trated a specimen of Cyrtograptus murchisoni 
Carruthers in Murchison, 1867 as an 
example in which the thecal gradient has 
not yet been described in detail (Fig. 6.1). 
Information of the thecal differentiation can 
be taken from other taxa of the genus (Fig. 
6.2–6.4). The phenomenon was called retar-
dation and was explained by the observation, 
that “before the first signs of the growth of 
the first cladial theca, some 3–4 next thecae 
have appeared on the main stipe” (Urbanek, 
1960, p. 158). Urbanek (1963, p. 230) 
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suggested that this delay may be described 
by the “law of morphological equivalence of 
simultaneously budding thecae, established 
by Thorsteinsson (1955).” The “distribu-
tion of suitable morphogenetic substances” 
produced by the oozoid (siculozooid) may 
be the mechanism behind this delay and lead 
to the different thecal styles (Urbanek, 1963, 
p. 230). It could also help to understand 
bipolar stipes as the regeneration of stipe 
fragments, in which the theca growing to 
one side is often different in size and shape 
to the one on the other side. Oldest bipolar 
tubaria without the presence of a sicula were 
recognized in the Middle Ordovician and 
described as Janograptus Tullberg, 1880, but 
are more common in Silurian monograptids 
(see Rickards, Hutt, & Berry, 1977). 
Albani and others (2001) illustrated a Darri-
wilian (Middle Ordovician) janograptid 
specimen with the first thecal apertures 
on the two stipes of the bipolar tubarium 
distinctly different in size. Jaanusson (1973) 
discussed morphological discontinuities in 
the evolution of graptolites and the possible 
presence of polymorphic populations. He 

suggested that this was commonly involved in 
the change of number of stipes in graptolite 
colonies and provided a number of exam-
ples, including the three- and four-stiped 
specimens of Tshallograptus fruticosus (Hall, 
1858) (see VandenBerg, 2017, for a modern 
taxonomic approach). He expected that, in 
these cases, both morphological types would 
coexist for some time as genetic polymorphs. 
Skevington (1966, 1967) elaborated on 
the concept of genetic polymorphism in 
the case of Holmograptus Kozłowski, 1954 
and Nicholsonograptus, suggesting that both 
were likely to be intraspecific variants of 
a single species. However, both genera are 
now regarded as separate members of the 
Sinograptidae (Maletz, Zhang, & Vanden-
Berg, 2018) and the concept of evolutionary 
change through polymorphy has not been 
proven for graptolites. 

Biogeography was also involved in the 
evolutionary differentiation of graptolite 
faunas and was important for the formation 
of biogeographically distinct regions. See 
Chapter 8: Paleogeography of the Hemi-
chordata, Treatise Online (Maletz 2020c).  

Fig. 5. Paramonoclimacis sidjachenkoi (Obut & Sobolevskaya in Obut, Sobolevskaya & Bondarev, 1965) show-
ing thecal gradients. 1, proximal end with two thecae; 2, strongly curved proximal fragment lacking sicula; 3–4, 
proximal thecae; 5–6, median thecae with wide hood; 7, thecal hood reduced in width; 8, slender thecal hood and 

lateral lobes of distal theca (new; details of specimens in Maletz & others, 2019). Not to scale.
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